The nonstructural protein (NSs) of Tomato spotted wilt virus (TSWV) was previously identified as an avirulence determinant for Tsw-based resistance on pepper. The NSs of wild-type (WT) and resistance-breaking (RB) TSWV strains isolated in Hungary had only two amino acid substitutions (104, 461). We have analysed the ability of the NSs and their point mutant variants to trigger Tsw-mediated hypersensitive responses and RNA silencing suppressor (RSS) activity in patch assays. We identified a single amino acid change at position 104 (T-A) that was responsible for the necrosis induction or loss, while a significant difference was not detected in the RSS activity of the two parental strains. We have successfully complemented the infection of the WT strain on resistant pepper cultivar with the infectious S RNA transcript of the RB strain and the WT-T104A point mutant. Our work provides direct evidence that a single amino acid change can induce an RB phenotype.
Tomato spotted wilt virus (TSWV) is one of the top ten plant viruses according to plant virologists, based on its scientific as well as economic importance [1] . It has an extremely wide host range, encompassing more than 1000 plant species, and is widely distributed and successfully expanding. It also has a significant economic impact, especially in the case of vegetable/horticultural and ornamental plants [2, 3] . TSWV is the type member of the Tospovirus genus in the Bunyaviridae family [1] and is transmitted most effectively by the thrips Frankliniella occidentalis in a persistent and propagative manner [4] . TSWV has enveloped, quasi-spherical particles of about 80-110 nm, containing three genomic RNA segments: the large (L), medium (M) and small (S) [5] , with negative (L) or ambisense (M, S) polarity. Five proteins are encoded on these genomic RNAs, the putative RNA-dependent RNA polymerase (RdRp) on the L RNA, the cell-to-cell movement protein (NSm) and a glycoprotein precursor (GnGc) on the M RNA, and the gene silencing suppressor protein (NSs) and the nucleocapsid protein (N) on the S RNA. The RdRp, GnGc and N proteins are translated in the viral complementary sense [6] . In addition to its RNA silencing suppressor (RSS) function [7] and avirulence determinant nature, the multifunctional NSs protein plays a role in the efficient transmission and maintenance of infection in thrips individuals [8] .
A pivotal point in effective virus management programmes is the use of plant cultivars bearing resistance genes. In the case of TSWV, two natural host resistance genes were found and used in practice, one for tomato and the other for pepper [9, 10] . The Sw5b from Solanum peruvianum is used in tomato breeding. A single dominant resistance gene, Tsw derived from Capsicum chinense, has recently been cloned [11] and is present in all resistant cultivars of pepper [12] . Due to a high mutation rate during virus replication, the emergence of resistance-breaking (RB) isolates is quite frequent. RB isolates were described in tomatoes [13] [14] [15] and the NSm protein (the movement protein of the virus) was identified as the avirulence determinant [16] . The mutations responsible for resistance breaking were also identified on the NSm protein; Y118 and N120 amino acid residues are critical to overcome resistance [17] . The emergence of RB isolates on pepper cultivars bearing the Tsw gene was also reported from different locations, for example in Lousiana, USA [18] , Italy [19, 20] , Australia [21] , Spain [22] , Turkey [23] and Argentina [24] . Even if the NSs protein was identified as the avirulence determinant in the case of the Tsw gene [25, 26] , the changes required in the avirulence determinant for resistance-breaking phenomena is still in question, since there is no specific point mutation that is present in all the RB isolates but not in the wild-type (WT) strains.
In the present work we have analysed HR induction of closely related WT, RB and point mutant NSs proteins on Capsicum annuum cv. Brendon (bearing the Tsw gene) by transiently expressed proteins via infiltration of Agrobacterium tumefaciens. We have also analysed the gene silencing suppressor activity of the NSs protein of WT and RB strains. Further, we have successfully complemented the infection of the WT strain on resistant pepper cultivar (cv. Brendon) with the S RNA in vitro transcripts of the RB strain and a point mutant of the WT strain.
Previously we characterized a WT and two RB strains of TSWV that emerged in Hungary. All strains induced typical symptoms on Capsicum annuum cv. Brendon bearing the Tsw gene. The WT strain induced local necrosis (HR) at the site of virus inoculation without systemic infection, while RB strains caused systemic chlorotic symptoms without local necrosis [27] . The comparison of the amino acid sequences of the NSs protein revealed two aa alterations present in both RB strains compared to the WT virus. To compare the necrosis induction property of the WT and RB strains, the NSs regions of HUP2-2012-RB and HUP4-2012-WT isolates (described previously [27] ) were PCR-amplified with TSWV-NSs-SacI-for and the TSWVNSs-BamHI-rev primers (Table S1 , available in the online Supplementary Material) and cloned into pGEM-T Easy plasmid vector (Promega, Madison WI), before being subcloned into pBIN61s vector. Agrobacterium-mediated transient expression was conducted on pepper leaves by pressure infiltration according to de Ronde et al. [25] , with some modifications. The final optical density of Agrobacterium cultures containing NSs genes was adjusted at 600 nm (OD 600 ) to 0.5. Four days after the infiltration a clear difference was detected on the infiltrated leaves for the appearance of HR. Necrosis was observed in the case of the transiently expressed WT NSs, but not in the case of the RB NSs (Fig. 1a) . Since only two point mutations (aa 104 and aa 461) were identified as differences between the NSs of the WT and RB strains, we generated four further mutants by PCR-directed mutagenesis: WT-T104A, WT-T461A, RB-A104T and RB-A461T. The identity of each mutant clone was confirmed by nucleotide sequence determination. The mutant clones were introduced into pBIN61s expression vector as described previously and transiently expressed on C. annum cv. Brendon leaves similarly to the previous experiment. HR was detected in the case of the RB-A104T and WT-T461A, similarly to the WT strain, while HR was not developed in the case of the RB, RB-A461T and WT-T104A mutants (Fig. 1b, c) four days after the infiltration. Thus, the modifications of aa position 104 reversed the HR induction phenotype of the NSs proteins (Fig. 1b) , while the exchange of aa position 461 had no effect on it (Fig. 1c) .
This experiment clearly proved that in the case of these Hungarian isolates of TSWV, a unique mutation is responsible for necrosis induction and most likely for the RB phenotype.
Since a correlation between the RB property and the silencing suppressor activity was proposed previously and the loss of the silencing suppressor ability provided by the NSs protein was described previously [25] , we have examined the silencing suppressor ability of the two NSs proteins in vivo in a patch assay. The NSs proteins of the WT and RB strains were transiently expressed in N. benthamiana GFP transgenic line 16c by agroinfiltration. According to visual observation, the P14 positive control showed the strongest suppressor activity, while no significant difference was observed for the two NSs proteins (Fig. 2a) . This was also supported by real-time PCR (Fig. 2b) . Three biological replicates were prepared from each construct (RB, WT and mutants). All samples (from each replicate) were run in triplicate. The real-time PCR data were analysed via the 2 ÀDDC T method, as described previously [28, 29] . These results were consistent with previous studies [26] , as the RSS activity and avirulence property of the NSs protein are not functionally coupled. The mutation responsible for necrosis induction or lack of it did not affect the ability of the protein to suppress local RNA silencing. The reverse genetic system is not accessible in the case of tospoviruses, and thus direct evidence is not available on the effect of specific mutation in the viral genome. Therefore we have made an attempt to complement the infection of a WT TSWV strain with the S RNA transcript of the RB isolate on a resistance-bearing pepper cultivar. For the generation of a full-length infectious clone of the RB strain S RNA, the previously described clones [27] containing the S RNA in two parts with an overlapping intergenic region were digested with the unique NdeI site between the NSs and the N region (present in both clones) and ligated with T4 DNA ligase. The ligation reaction was used as a template for a PCR using T7-TSWV-S for and T7-TSWV-S rev oligonucleotides (Table S1 ), including a T7 promoter at the 5¢ end and a unique BamHI site at the 3¢ end. The full-length clone was verified by nucleotide sequence determination and linearized with BamHI restriction endonuclease prior to the transcription. The transcription was carried out as described previously [30] . Nicotiana tabacum cv. Xanthi plants were inoculated with the WT strain of TSWV and directly afterwards the S RNA transcript of the RB strain was also inoculated on the same leaf. At 3 days post-inoculation (d.p.i.), the previously inoculated leaves were ground and the pepper plants cv. Brendon were inoculated. The plants were maintained in a growth chamber with a cycle of 16 h of light (Fig. 3a) . At 15-19 d.p.i. systemic necrosis appeared, first on the upper leaves (Fig. 3b) and then also on the stem, and 28-32 d.p.i. apical necrosis developed (Fig. 3c) . As the complementation experiment was successful with the S RNA in vitro transcript of the RB strain, we analysed the WT-T104A and WT infectious transcripts. In the case of the WT-T104A transcripts we observed similar symptoms to those for the RB transcripts, with local and systemic necrosis, but this did not apply in the case of WT TSWV (Fig. 3) . To analyse the systemic progeny of the virus, total nucleic acid from the apical leaves was extracted, and RT-PCR was carried out with the primers TSWV-NSs 130 for and TSWV-NSs 750 rev (Table S1 ), amplifying the region of the NSs gene. The PCR product was cloned into pGEM-T Easy vector. The resulting clones were digested with HpaI (incorporated as a silent mutation into the TSWV WT T104A clone). A small majority of the clones contained the HpaI restriction endonuclease site (14 out of 24 clones). The nucleotide sequence determination (3-3 clones of both types) verified the identity of the clones. The clones digested with HpaI were identical to the TSWV WT T104A, while the other clones contained the sequence of the WT TSWV strain. Furthermore, we carried out mechanical inoculation from the systemically infected leaves. We inoculated plants bearing the resistance gene (cv. Brendon) and a nearly isogenic line (cv. Galga) without the resistance gene.
In the case of the Brendon pepper variety necrosis was observed on both the inoculated and the upper non-infected leaves, while on the isogenic pepper variety a systemic mosaic developed without necrosis (Fig. S1 ).
The appearance of necrotic lesions on the upper non-inoculated leaves of a pepper cultivar bearing the Tsw resistance gene could be the consequence of an inefficient HR, as was previously proposed [31, 32] , but it was observed predominantly at elevated temperature and we have never observed this phenomenon in the case of the Hungarian RB strain, not even in parallel control experiments.
The synergic severe symptom phenotype in pepper cultivars bearing the Tsw resistance gene was described recently as a consequence of the interaction of a WT and an RB TSWV strain in the open field [33] . The pepper plant phenotype was similar to that in a previously described complementation experiment, with necrotic lesions, systemic necrotic patches, stunting and apical necrosis. In our experiment, the presence and identity of the S RNA derived from in vitro transcription was confirmed by the existence of the HpaI site introduced into the TSWV WT T104A clone. According to our experiments, the presence of S RNA is sufficient to produce the synergic interaction and overcome the natural genetic resistance.
The N-terminal domain (aa 1-133) of the NSs protein was previously found to be detrimental for triggering Tswmediated HR, but the determination of the key aa position was not entirely successful. The HR elicitation activity broke down due to specific mutations in the NSs resistance-inducing (RI) protein, but the revertant mutants in the NSs RB strain (T79I) did not induce HR activity [34] . In the case of this TSWV RB strain isolated in Hungary, our experiments proved that aa mutations in the 104 position (WT-T104A, RB-A104T) resulted in the breakdown or elicitation of HR in infiltration experiments, and resistant or susceptible phenotypes in complementation experiments, respectively.
Taken together, our results (for both infiltration and complementation experiments) prove the primary importance of aa position 104 in the formation of the RB phenotype.
The observed NSs substitution was only present in one other RB isolate (P105-1 RB ) of TSWV, described previously [32] in Italy, and not in any other previously characterized RB isolates. This observation confirms that a single amino acid change is sufficient for the RB phenotype. Recently, several studies demonstrated the importance of one amino acid alteration in the RB phenotype, for example in the case of N gene-Tobacco mosaic virus interaction (126 kDa protein) [35] , JAX1 gene-Potato virus X (PVX) interaction (Q336H of the replicase) [36] , Nb gene-PVX interaction (MP S16T) [37] and Nx gene-PVX interaction (CP Q78P) [38] . Independent mutations can also lead to the RB phenotype, as was demonstrated in potato Rx gene and Pepino mosaic virus interaction, as the A78T or the A114T mutation in the coat protein was sufficient on its own for RB on Solanum lycopersicum [39] . The diverse nature of the NSs proteins of RB strains suggests the possibility of various mutations which can result in the RB phenotype.
According to different hypotheses, the avirulence determinant of the virus establishes direct interaction with a decoy host protein that interacts directly with the resistance gene product that turns the R gene from the 'OFF' state to the 'ON' state and leads to the activation of the downstream signaling pathway resulting in resistance [34] . The substitution of the aa 104 of the NSs protein from a polar amino acid (threonine in the WT strain) to a nonpolar one (alanine in the RB strain) can result in a direct effect on proteinprotein interaction (avirulence determinant-host protein) or may cause conformational changes in the molecular structure of the avirulence determinant. Since the exchanges in position 104 were effective in both the formation (WT-T104A) and the disappearance (RB-A104T) of the RB phenotype, we propose that the interacting part of the protein is affected.
The presented complementation assay enables further analysis of the role of specific mutations in NSs proteins of different phenotypes. However, a clearer picture will only emerge if the three-dimensional structure of NSs protein and its interaction network are characterized in detail.
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